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A B S T R A C T
As rigid and planar aza-based heteroaromatic scaﬀolds, hexaazatriphenylene (HAT) derivatives exhibit sig-
niﬁcant electron-deﬁcient properties and high pi-pi stacking tendencies, which makes them promising building
blocks for the construction of supramolecular architectures and functional porous materials. In this study, the
rational design and synthesis of a family of novel and nitrogen-rich hexaazatrinaphthalene-based covalent
triazine frameworks (HATN-CTFs) under ionothermal conditions was reported. Notably, the synergistic eﬀects of
ultramicroporosity and rich CO2-philic nitrogen sites empower the networks with superior CO2 adsorption ca-
pacity (up to 5.57mmol/g at 273 K and 1 bar), outperforming most of the reported covalent triazine frameworks
in literature. Furthermore, the obtained materials also exhibit signiﬁcantly high CO2/N2 (39) and CO2/CH4 (9.8)
selectivities at room temperature.
1. Introduction
Carbon dioxide (CO2) emission has been widely accepted as one of
the primary contributors to global warming [1]. Considering that fossil
fuels will still be the dominant energy source for humans in the fore-
seeable future, it is beyond any doubt that exploring more cost-eﬀective
and sustainable materials for carbon capture from emission sources
remains challenging and urgently required [2–4]. Furthermore, natural
gas predominantly contains CH4 with little amount of CO2 and hydro-
carbon impurities, separation and puriﬁcation of CH4 from the gas
mixtures is of signiﬁcant importance before its utilization [5]. In terms
of gas adsorption and separation applications, an ideal porous material
should exhibit a signiﬁcantly high CO2 uptake and selectivity at low
pressures as well as an excellent resistance to water and acid gases [6].
To address the issue of carbon capture, a new advanced class of porous
and tunable materials including metal organic frameworks (MOFs)
[7–9] and covalent organic frameworks (COFs) [10,11] have demon-
strated promising potential because of their high surface area, intrinsic
porosity, low mass density, high physicochemical stability as well as
diverse structural tunability. However, the poor chemical stability of
most MOFs limits their practical applications [12,13]. In contrast, a
subclass of COFs, namely covalent triazine frameworks (CTFs) have
emerged as promising candidates for gas capture and storage due to
their high stability and porosity in addition to their high intrinsic ni-
trogen content [14–19]. Generally, CTFs can be prepared via trimer-
ization of aromatic nitriles either under ionothermal conditions using
ZnCl2 as the catalyst [15] or using strong Brønsted acid (CF3SO3H)
[16]. However, the strong Brønsted acid approach cannot be applied to
all types of monomers and for this reason its widespread application is
limited. Since the pioneering work of Thomas et al. in 2008, who de-
veloped the ﬁrst covalent triazine framework (CTF-1), tremendous ef-
forts have been made to design and synthesize CTF materials with the
goal of enhanced gas capture (CO2) and storage (CH4 and H2) [20–23].
From the view of pore structures, it has been proven that ultra-
micropores are beneﬁcial for selective CO2 capture. In the report of
Lotsch et al., a series of nitrogen-rich CTFs were synthesized and the gas
adsorption results revealed the dominant role of ultramicropores for
eﬃcient and selective CO2 capture [24]. As for the building blocks of
CTFs, the incorporation of preferential CO2-philic sites (e.g. N, O and F)
into the frameworks to induce strong electrostatic interactions between
CO2 molecules and the material surface is expected to signiﬁcantly
improve their CO2 adsorption performance. Very recently, we have
reported a set of ﬂuorine-containing CTFs having an exceptionally high
CO2 uptake (5.98 mmol/g at 273 K and 1 bar) and excellent H2 storage
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(1.77% at 77 K and 1 bar), which is mainly because of the ultra-
microporosity as well as the presence of nitrogen and ﬂuorine groups
[25]. Recently, hexaazatriphenylene (HAT), a rigid, electron deﬁcient
and nitrogen-rich aromatic scaﬀold, has attracted considerable atten-
tion in the construction of nitrogen-rich porous materials. Dai et al.
developed an in situ doping strategy to obtain a family of O-doped HAT-
CTFs displaying an eﬃcient CO2 capture performance [26]. However,
as a derivative of HAT, the synthesis of hexaazatrinaphthalene (HATN)
compounds for the construction of porous materials still remains un-
explored. In this present work we describe the rational design and
synthesis of a novel covalent triazine framework with intrinsic ultra-
micropores and abundant surface CO2-philic nitrogen sites for potential
applications in gas storage and separation. Speciﬁcally, diquinoxalino
[2,3-a:2′,3′-c]phenazine-2,8,14-tricarbonitrile (HATN-3CN) (See Sup-
plementary Information for the experimental details, Figs. S1–2) was
synthesized as the building blocks for the construction of task-speciﬁc
hexaazatrinaphthalene-based covalent triazine frameworks (HATN-
CTFs) using the typical ionothermal synthesis conditions. The resulting
materials were characterized thoroughly and extensive gas adsorption
studies were carried out and discussed on the obtained HATN-CTFs
with the gases of N2, CO2, CH4 and H2. Moreover, their CO2/CH4 and
CO2/N2 selectivities were also assessed towards their potential use in
gas separation applications.
2. Experimental section
2.1. Materials and methods
Hexaketocyclohexane octahydrate (97%) and 3,4-
Diaminobenzonitrile (97%) was purchased from Sigma-Aldrich,
Belgium, other common chemicals were obtained from commercial
suppliers and used as received without further puriﬁcation. The 1H
NMR analysis of the nitrile linker was performed on a Bruker Advance
300MHz spectrometer using mesitylene as internal standard. Powder X-
ray diﬀraction (PXRD) patterns were collected on a Thermo Scientiﬁc
ARL X'Tra diﬀractometer, operated at 40 kV, 30mA using Cu-Kα ra-
diation (λ=1.5406 Å). Fourier Transform Infrared Spectroscopy (FT-
IR) in the region of 4000–800 cm−1 was performed with a Thermo
Nicolet 6700 FT-IR spectrometer equipped with a nitrogen-cooled MCT
detector and a KBr beam splitter. Elemental analyses (C, H, N) were
carried out on a Thermo Scientiﬁc Flash 2000 CHNS–O analyzer
equipped with a TCD detector. XPS measurements were performed on a
PHI Versaprobe II spectrometer equipped with a monochromatic Al Kα
X-ray source (hν=1486.6 eV) with a beam size of 100 μm and oper-
ating at 25.8W. Survey scans and detailed C1s and N1s spectra were
recorded with a pass energy of 187.85 eV and 23.5 eV respectively at a
take-oﬀ angle of 45° relative to the sample surface in a vacuum of at
least 10−6 Pa to identify and quantify the chemical composition and the
diﬀerent carbon/nitrogen groups respectively. The atomic elemental
composition was calculated from XPS survey spectra using Multipak (v
9.6.1) software. A spectrum calibration (C–C: 285.0 eV) was done prior
to analysis and an iterated Shirley background was applied to de-
termine the elemental composition using the relative sensitivity factors
supplied by the manufacturer. Curve peak ﬁtting of the individual high-
resolution peaks was also performed making use of Multipak software
after applying a Savitzky-Golay smoothening procedure. Peaks were
deconvoluted using Gaussian–Lorentzian peak shapes, keeping the
FWHM below 1.8 and 2.0 eV and the χ2 below 7 and 0.2 for C1s and
N1s peaks respectively. Thermogravimetric analysis (TGA) was per-
formed on a Netzsch STA-449 F3 Jupiter-simultaneous TG-DSC ana-
lyzer in a temperature range of 25–800 °C under air atmosphere and a
heating rate of 5 °C/min. Argon adsorption measurements were carried
out at 87 K with an Autosorb surface analyzer with vapor option
(Quantachrome Instruments, U.S.A), the samples were online degassed
under vacuum at 150 °C for 16 h to remove all the guest molecules. The
pore size distributions were determined using the calculation model for
argon on carbon (slit pore, QSDFT equilibrium model). All the other gas
(CO2, CH4, N2 and H2) adsorption measurements at 273 K and 298 K
were carried out on a Quantachrome iSorb-HP gas sorption analyzer.
Prior to all the gas sorption measurements, the materials were activated
by slowly heating up the samples under vacuum with a heating rate of
5 °C/min up to 150 °C for 3 h. For regeneration measurements, the
sample was directly activated online at 150 °C under vacuum for 3 h
before next cycle measurement.
2.2. Diquinoxalino[2,3-a:2′,3′-c]phenazine-2,8,14-tricarbonitrile (HATN-
3CN) synthesis
Typically, a mixture of hexaketocyclohexane octahydrate (312mg,
1mmol) and 3, 4-diaminobenzonitrile (532.6 mg, 4mmol) in deox-
ygenated acetic acid (60mL) was added into a Schlenk ﬂask, which was
purged by argon and equipped with a magnetic stir bar. The mixture
was reﬂuxed under argon for 40 h. After cooling down to room tem-
perature, the mixture was poured into water and the greenish yellow
suspension was ﬁltered and thoroughly washed with water to give the
greenish yellow solid of HATN-3CN, which was dried under vacuum
before further synthesis (Yield, 82%). 1H NMR (300MHz, DMSO‑d6):
δ=8.48–8.52 (3H, Ar–H), 8.78–8.82 (3H, Ar–H), 9.28–9.30 (3H,
Ar–H).
2.3. Synthesis of HATN-CTFs
In a typical CTF synthesis, the ampoule was charged with HATN-
3CN (275.4 mg, 0.6 mmol) and diﬀerent molar ratios of anhydrous
ZnCl2 (5 and 10 equiv.) in a glovebox, then the ampoule was taken out
and evacuated, ﬂame-sealed and heated at 400 °C for 48 h. After cooling
down to room temperature, the ampoule was opened and the crude
material was grounded and thoroughly washed by water. Afterwards,
the black material was subsequently stirred in 1M HCl and THF for
24 h, ﬁltered and washed with water and acetone. Finally, the black
powder was dried at 150 °C under vacuum overnight (Yield, 85%).
3. Results and discussion
Trimerization of HATN-3CN under typical ionothermal conditions
with ZnCl2/monomer ratios of 5 and 10 at 400 °C yielded HATN-CTF-1
and HATN-CTF-2, respectively (Fig. 1). The details of the synthesis are
summarized in Table S1. The Fourier transform infrared spectroscopy
(FT-IR) measurements were performed to evaluate the trimerization
process (Fig. S3). The weak band at 2240 cm−1 for HATN-CTF-1 re-
vealed the incomplete trimerization of the nitrile groups due to the high
mass of the monomer, while this characteristic band completely dis-
appeared for HATN-CTF-2, indicating the completion of the trimeriza-
tion reaction. It should be noted that the characteristic bands for the
triazine units are diﬃcult to distinguish because of the partial carbo-
nization of the CTFs, which is in accordance with previous reports
[14,27]. As conﬁrmed by the powder X-ray diﬀraction (PXRD) mea-
surements, the studied HATN-CTFs were amorphous (Fig. S4). Ad-
ditionally, X-ray photoelectron spectroscopy (XPS) measurements were
conducted to obtain more insights into the frameworks. XPS C1s spectra
of HATN-CTF-1 and HATN-CTF-2 were ﬁtted using four peaks with the
binding energies of 285.00 ± 0.05 eV (C–C), 286.40 ± 0.05 eV (C–O/
C–N), 288.00 ± 0.05 eV (C^N/C]O) and 289.20 ± 0.05 eV (O–C]
O) (Fig. 2). The summary of the chemical states of C1s peak (Table S2)
reveals two factors: (1) C–C bond is the main component of C1s peak
(more than 80%) and (2) HATN-CTF-2 has a less amount of ester and
ether groups in comparison to HATN-CTF-1. The results show that the
deconvolution of the N1s peak can be done with the same set of four
components: pyridinic (398.8 ± 0.1 eV), pyrrolic (400.2 ± 0.1 eV),
quaternary (401.3 ± 0.1 eV) and oxidized N–O (403.7 ± 0.1 eV)
(Fig. 2) [26,28].
The pyridinic nitrogen species amount decreased by 3% (Table S3)
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for HATN-CTF-2 in comparison to HATN-CTF-1, while the pyrrolic
compound demonstrated an opposite trend: as it increased by 3%. The
same tendency can be noted for quaternary and oxidized nitrogen with
a diﬀerence of approximately 2%. The N–O chemical shift appears
mainly due to the exposure of the samples to the open air. The detailed
chemical composition obtained from XPS survey scans for both HATN-
CTFs is summarized in Table S4.
The elemental composition of the HATN-CTFs was also determined
by means of Elemental Analysis (EA). As can be seen in Table 1, HATN-
CTF-1 and HATN-CTF-2 have a nitrogen content up to 20.42% and
21.81% respectively (out of theoretical value of 27.80%), which is ac-
cordance with the XPS results that HATN-CTF-2 has slightly higher N
Fig. 1. Schematic representation of the ideal structure of the HATN-CTF materials.
Fig. 2. Deconvoluted C1s and N1s spectra of HATN-CTF-1 and HATN-CTF-2.
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content than HATN-CTF-1. The experimentally observed lower nitrogen
content of the HATN-CTFs is mainly due to the elimination of the ni-
triles and the decomposition of the triazine units during the synthesis
[29]. The high nitrogen content is supposed to be one of the preferential
binding sites for the adsorption of more CO2 molecules in the frame-
works. It should be noted that the overall lower element contents
compared to the theoretical values are likely because of the trapped
metal salts and water molecules in the networks, which could not be
completely removed [15,24]. Thermogravimetric analysis (TGA) was
performed to assess the thermal stability of the HATN-CTFs (Fig. S5). As
shown in Fig. S5, the obtained HATN-CTFs exhibit remarkable thermal
stability up to 400 °C.
The argon adsorption isotherms of the synthesized HATN-CTF ma-
terials were subsequently recorded at 87 K to determine the permanent
porosity of the networks. As shown in Fig. 3a, both HATN-CTF-1 and
HATN-CTF-2 exhibit similar shapes but cannot be described as type I
isotherms due to the continuous argon adsorption at higher pressures,
indicating the presence of mesopores. The pore size distributions were
calculated from Argon adsorption isotherms by QSDFT calculations and
shown in Fig. 3b. Both samples exhibit distinct micropores (0.57 nm
and 0.81 nm) in addition to the larger mesopores of 2.2 nm. The Bru-
nauer-Emmett-Teller (BET) surface areas of HATN-CTF-1 and HATN-
CTF-2 are calculated to be 926m2/g and 1994m2/g and their corre-
sponding pore volumes are 0.35 cm3/g and 0.95 cm3/g, respectively
(Table 1). Considering the high ultramicroporosity as well as the ni-
trogen-rich feature of the framework, it is expected to be promising
candidates for selective carbon capture and separation. To verify this,
single-component CO2, N2 and CH4 adsorption isotherms were recorded
at 273 K and 298 K up to 1 bar. (Fig. 4a and Figs. S6–7).
As presented in Fig. 4a, HATN-CTF-1 exhibits the CO2 uptake of
3.95 and 2.73mmol/g at 273 K and 298 K, respectively, while an im-
pressively high CO2 adsorption capacity is observed for HATN-CTF-2
reaching up to 5.57mmol and 3.53mmol/g under identical conditions,
these values are amongst the highest ever reported in literature for the
entire family of CTF materials, as summarized in Table 2 and Table S5.
More importantly, the CO2-philic N sites of the CTFs have much
more signiﬁcant eﬀect on the CO2 adsorption performance in the low-
pressure region, where the adsorption process is more relevant to the
practical CO2 capture. For example, HATN-CTF-2 exhibits remarkable
CO2 adsorption capacity of 1.98mmol/g at 0.15 bar and 273 K.
Moreover, the isosteric heats of CO2 adsorption (Qst) were calculated by
ﬁtting the CO2 adsorption isotherms at 273 K and 298 K and applying
the Clausius-Clapeyron equation to provide a better understanding of
the CO2 adsorption performance (Fig. 4b). The Qst value at low cov-
erage for HATN-CTF-1 (26.8 kJ/mol) is slightly lower than that of
HATN-CTF-2 (32.6 kJ/mol), which is in accordance with the CO2 ad-
sorption results and also indicates the strong interactions between CO2
molecules and the frameworks. Excellent reuse of the HATN-CTFs was
demonstrated over ﬁve cycles of CO2 adsorption and desorption mea-
surements without signiﬁcant changes in the CO2 adsorption capacity
for HATN-CTF-2, indicating complete desorption during each re-
generation cycle and suggesting the high potential for its application in
CO2 capture (Fig. 4d). By contrast, the CH4 and N2 uptakes of the
HATN-CTFs are much lower (Figs. S6–7), which encourages us to
evaluate the potential of these materials for CO2 separation over N2 and
CH4. Accordingly, the CO2/N2 and CO2/CH4 selectivities of the studied
HATN-CTFs were calculated by the ratio of the initial slopes of the
respective CO2, CH4 and N2 adsorption isotherms in the Henry region
(Figs. S8–11 and Table 2). The calculated CO2/N2 and CO2/CH4 se-
lectivity of HATN-CTF-1 can reach up to 53 (39) and 9.8 (8) at 273
(298) K, respectively, while the corresponding CO2/N2 and CO2/CH4
selectivity of HATN-CTF-2 is calculated to be 46 (33) and 9.6 (7.8) at
273 (298) K. The high selectivity can be ascribed to the rich nitrogen
sites in the framework, which may facilitate the interaction with the
CO2 molecules through dipole-quadrupole interactions [30]. As po-
tential renewable and clean energy source, hydrogen storage remains
challenging and solid adsorbents have been regarded as promising
candidates. For this reason, the H2 adsorption isotherms of the HATN-
CTFs were recorded to explore their potential storage application. As
shown in Fig. 4c, the H2 adsorption capacities of HATN-CTF-1 and
HATN-CTF-2 can reach up to 1.38 and 1.74 wt% respectively at 77 K
and 1 bar, which outperforms most of the reported CTFs and which are
only slightly lower values than those of CTF-pyHT (2.63 wt%) [31],
Bipy-CTF-600 (2.1 wt%) [24], ﬂ-CTF-400 (1.95 wt%) [32] and PCTF-1
(1.86 wt%) [17].
Table 1
Elemental analysis and pore characteristics of the studied HATN-CTFs.
Sample Elemental analysis (Calculated/Experimental
%)
SBET
(m2/g)
Vtot.a
(cm3/g)
C H N C/N
HATN-CTF-1 71.53/
58.91
0.67/
2.44
27.80/
20.42
2.57/
2.88
926 0.35
HATN-CTF-2 71.53/
63.45
0.67/
2.70
27.80/
21.81
2.57/
2.91
1994 0.95
a Vtot., total pore volume from the Ar QSDFT model.
Fig. 3. (a) Argon adsorption and desorption isotherms of HATN-CTF-1 (black) and HATN-CTF-2 (red) measured at 87 K; (b) The pore size distribution (PSD) curves of
HATN-CTF-1 (black) and HATN-CTF-2 (red) from Argon adsorption on carbon (slit pore, QSDFT equilibrium model). (For interpretation of the references to colour in
this ﬁgure legend, the reader is referred to the Web version of this article.)
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4. Conclusion
In summary, a set of novel and nitrogen-rich hexaaza-
trinaphthalene-based covalent triazine framework for eﬃcient CO2
adsorption and separation were successfully synthesized under io-
nothermal conditions. Remarkably, the CO2 adsorption capacity of
HATN-CTF-2 can reach up to 5.57mmol/g at 273 K and 1 bar
(1.98 mmol/g at 0.15 bar) due to the synergistic eﬀects of ultra-
microporosity and rich CO2-philic N sites. Furthermore, HATN-CTF-2
also exhibits signiﬁcantly high H2 adsorption capacity of 1.74 wt% at
77 K and 1 bar. The CO2/N2 and CO2/CH4 selectivities of the studied
HATN-CTFs were calculated by the Henry model and the CO2/N2 se-
lectivity of HATN-CTF-1 can reach up to 39 at 298 K. These impressive
results render the studied HATN-CTFs as promising candidates for ef-
ﬁcient carbon capture and storage.
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Fig. 4. (a) CO2 adsorption and desorption isotherms of HATN-CTF-1 and HATN-CTF-2 measured at 273 K and 298 K up to 1 bar; (b) The isosteric heat of CO2
adsorption (Qst) of HATN-CTF-1 and HATN-CTF-2; (c) H2 adsorption isotherms of HATN-CTF-1 and HATN-CTF-2 measured at 77 K; (d) Five cycles of CO2 adsorption
measurements at 273 K on the HATN-CTF-2 sample.
Table 2
Summary and comparison of the gas adsorption performance of the studied HATN-CTFs and some of the reported CTF materials.
Sample CO2 uptake (mmol/g) H2 uptake (wt%) CH4 uptake (mmol/g) CO2/N2
Selectivity
CO2/CH4
Selectivity
Qst kJ/mol Ref.
273 K 298
K
77
K
273
K
298
K
273
K
298
K
273
K
298
K
HATN-CTF-1 3.95 2.73 1.38 1.12 0.77 53 39 9.8 8 26.8 This work
HATN-CTF-2 5.57 3.53 1.74 1.55 0.96 46 33 9.6 7.8 32.6
PCTF-1 3.21 1.84a 1.86 1.05 0.68a 13 – 5 3a – 18
FCTF-1 4.67 3.21 – – – – 31b – – 35.0 2
lut-CTF400 4.55 2.72 1.36 – – – 63 – – 37.5 21
F-DCBP-CTF-1 5.98 3.82 1.77 – – – 31 – – 33.1 22
a Gas uptake at 293 K; b. CO2/N2 selectivity was calculated by Ideal Adsorption Solution Theory (IAST).
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Appendix A. Supplementary data
Supplementary data to this article can be found online at https://
doi.org/10.1016/j.micromeso.2019.109650.
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